Calibration of minirhizotron data against root length density (RLD) was carried out in a field trial where three drip irrigation depths: surface (R0) and subsurface, 0.20 m (RI) and 0.40 m depth (RII) and two processing tomato cultivars: 'Brigade' (CI) and 'H3044' (CII) were imposed. For each treatment three minirhizotron tubes were located at 10, 37.5 and 75 cm of the way from one plant row to the next. Roots intersecting the minirizotrons walls were expressed as root length intensity (L a ) and number of roots per unit of minirhizotron wall area (N ra ). Root length density (RLD) was calculated from core samples taken for each minirhizotron tube at two locations: near the top of the minirhizotron (BI) and 15 cm apart from it, facing the minirhizotron wall opposite the plant row (BII). Minirhizotron data were regressed against RLD obtained at BI and BII and with their respective means. The results show that for all the situations studied, better correlations were obtained when RLD was regressed with L a than with N ra . Also was evident that the relationship between L a and RLD was strongly influenced by the location of soil coring. RLD was correlated with L a trough linear and cubic equations, having the last ones higher determination coefficients. For instance at 10 cm from the plant row when values from the top layer (0-40 cm) were analysed separately, L a was significantly regressed with RLD measured at BII and described by the equations: RLD = 0.5448 + 0.0071 L a (R 2 = 0.51) and RLD = 0.4823 + 0.0074L a + 8×10 −5 L a 2 − 5×10 −7 L a 3 (R 2 = 0.61). Under the 40 cm depth the highest coefficients of determination for the linear and cubic equations were respectively 0.47 and 0.88, found when L a was regressed with RLD measured at BI. For minirhizotrons located at 75 cm from the plant row and for location BI it was possible to analyse jointly data from all depths with coefficients of determination of 0.45 and 0.59 for the linear and cubic equations respectively.
Introduction
The minirhizotron method avoids one of the most important constraints on root studies, the labour and time involved in sampling and handling roots for posterior quantification. Another advantage of this method is that individual roots can be followed over time, which allows for root dynamics studies . With this method, root growth and distribution along the soil profile can be estimated from images recor- * FAX No: +351-266-71-1163. E-mail: rmam@uevora.pt ded at different depths on the minirhizotron surface, but to estimate a bulk soil parameter like root length per unit volume of soil (root length density, RLD) either a theoretical transformation is required or a calibration method is carried out. However, in result of tube interface influence on soil growing conditions some discrepancies between minirhizotron and soil coring data are pointed to by several authors and different explanations have been given for this . Also, the fact that a positive correlation between minirhizotron data and soil coring is only achieved when data from the uppermost (e.g., the (BI and BII) and the minirhizotron tubes with respect to the plant row. BI -hole at the top of the minirhizotron; BII -hole 15 cm from the top of the minirhizotron, facing the minirhizotron wall opposite the plant row.
top 10-30 cm layer) of the soil profile are excluded (Sanders and Brown, 1978; Upchurch and Ritchie, 1983; Van Noordwijk et al., 1985b; Vos and Groenwold, 1987; Samson and Sinclair, 1994) . Taking into consideration the high spatial variability of roots in the soil profile Scott, 1984, Hamblin, 1985; Figure 3 . Root length density (RLD) from soil cores as a function of minirhizotron data (L a ) for the 0-40 cm layer (RLD = 0.5448 + 0.0071L a , R 2 = 0.51, P < 0.001; RLD = 0.4823 + 0.0074L a + 8×10 −5 L a 2 − 5×10 −7 L a 3 , R 2 = 0.61, P < 0.001) (10 cm from the plant row, location of soil coring BII). Upchurch, 1987; Oliveira et al., 2000; Van Noordwijk, 1993; Zobel, 1991) , the main propose of this study was to compare tomato root distribution by minirhizotron and destructive sampling at different locations.
Materials and methods
The experiment was conducted on a Regosol Soil (Typic Quarzipsamments) at the António Teixeira Research Station, in Coruche, Portugal. Soil characteristics are summarised in Table 1 and Figure 1 . Minirhizotron data were converted into root length density in a field trial where three drip irrigation depths: (surface (R0), subsurface at 0.20 m depth (RI) and subsurface at 0.40 m depth (RII)) and two pro- cessing tomato cv, 'Brigade' (CI) and 'H3044' (CII), were arranged in a split-plot experimental design, with four replications. After soil preparation and fertilisation, according to plant needs, 40-day-old seedlings of both tomato cultivars were planted apart in rows and 150 cm apart between rows.
Daily water application was estimated from ET m (minus rainfall) measured the day before irrigation. When rainfall exceeded the ET m value, irrigation was suspended and the exceeding water was considered in the calculation of the subsequent irrigation volumes. ET m was estimated using the crop coefficient (K c ) and the Penman Montheith reference evapotranspiration (ET o ) data from a nearby weather station (ET m = K c ·ET o ). The crop coefficients used in this work were average values established by Doorenbos and Kassam (1986) for the following crop stages: 0.75 for the development stage (from transplanting to beginning of fruit set); 1.15 for the mid-season stage (from the beginning of fruit set to blooming) and 0.88 for the late-season stage (from blooming to fruit ripening, when 75% of the fruits were red or orange). To minimise the effect of different irrigation treatments on plantlets establishment, all plants were sprinkler irrigated at transplanting. Drip irrigation was started 11 days after transplanting and ended when 75% of fruits were red or orange. The total amount of water applied to the crop was 523.4 mm.
Three minirhizotrons (1.5 m long and 5.2 cm inner diameter) per treatment were installed at an angle of 30 • to vertical. Light was blocked from entering the section of the tube left above ground using a black cover. For each treatment, three tubes were installed parallel to the plant row, 10 cm (adjacent to the plant row), 37.5 cm (halfway between row and mid-row) and 75 cm (at mid-row) from the row (Figure 2) . At plant blooming stage (75 days after planting) roots observed by minirhizotrons were compared to destructive sampling data in a manner reported by Majdi et al. (1992) . Roots intersecting the minirhizotron walls, at increments of 10 cm along the tube, were recorded using an endoscope equipped with a camera. Root intensity was expressed as length (cm cm −2 minirhizotron surface area, L a ) and the number of roots on the minirhizotron surface (N ra ). Root length was estimated counting the number of intersections of roots with a 1 cm-mesh grid, using the modified Newman-line-intersect method (Tennant, 1975) . The number of roots on the minirhizotron wall (N ra ) was obtained according to the procedure developed by Upchurch and Ritchie (1983) and expressed per cm 2 surface.
Core sampling was completed, immediately after minirhizotron observations, using a hand auger (10 cm long and 6 cm in diameter), at two locations: near the top of each minirhizotron (BI) and 15 cm from it, facing the minirhizotron wall opposite the plant row (BII) (Figure 2 ). Roots were washed out from soil by the hydropneumatic elutriation root separation system (Smucker et al., 1982) . Root lengths were measured using an automated system 'Comair' (Commonwealth Aircraft Corp. Ltd., Port Melbourne, Australia). Root length in depth was recorded at intervals of 10 cm. Root length density (cm cm −3 ) was calculated by dividing root length by the volume of the core (282.6 cm 3 ).
Minirhizotron data (L a and N ra ) were regressed against RLD measurements from soil coring observed at BI and BII and with the respective mean. The programme used for data fitting was the SPSS 10 (Anon., 1999).
Results and discussion
For the same depth, data for root length density (RLD) observed at locations BI and BII show a high dispersion, with averages (t-test) being mostly not significant (Tables 2-4 ). The inherent variability observed in root populations makes it difficult to achieve statistical significance in studies of root distribution (Van Noordwijk et al., 1985a) . So the calibration of minirhizotron readings, length (L a ) and number (N ra ) of roots was carried out by regressing these data with RLD measured at BI and BII, both separately and with averages of both sites. When all the data from the experiment were included and low correlations were found, data from the top (0-40 cm) and under the 40-cm layers were analysed separately. This occurred for minirhizotrons installed at 10 and 37.5 cm from the row. For minirhizotrons located at 75 cm, it was possible to analyse jointly data from all depths. Upchurch and Ritchie (1983) , Sanders and Brown (1978) , Vos and Groenwold (1987) , Samson and Sinclair (1994) and Rasquilha (1997) , on analysing data from field experiments where the top 10-30 cm layer data were excluded also achieved better correlations between the average values of RLD from soil coring and minirhizotron data. The difficulty in distinguishing between dead and live roots, both for soil cores and minirhizotron pictures, can introduce some error, which was also reported by Al-Amoud and Kay (1985) and Merril and Upchurch (1994) .
The relationship between L a and RLD along the soil profile was strongly influenced by the location of soil coring. Next to the plant row (10 cm), for the 0-40 cm layer (Table 5 and Figure 3 ) RLD was significantly regressed with L a trough linear (RLD = 0.5448 + 0.0071L a ; R 2 = 0.51) and cubic (RLD = 0.4823 + 0.0074L a + 8×10 −5 L a 2 − 5×10 −7 L a 3 ; R 2 = 0.61) equations; but only for RLD measured at BII, where root length densities are in general lower than for BI (Table 2) . In row crops, the lateral decrease of root density with distance from the row, reported by Majdi et al. (1992) , Oliveira et al. (1996) and Machado et al. (2000) contributes to lower RLDs for BII than for BI. This observation supports the idea that minirhizotron root values tend to underestimate root length at uppermost soil layers. The black cover used for avoiding light getting into the minirhizotron, causing an increase in the temperature of the within air and walls of the minirhizotrons, could have an effect on the number of roots observed with the device, especially in the top layers, and contribute to an underestimation of the root length at the uppermost soil layers. Nevertheless, this phenomena is mitigated, since except for the initial growth stage, the tomato canopy is dense and covers completely the ground, thus providing shade for the minirhizotrons. With BII data (Table 5 ) a high coefficient of correlation (r = 0.71) for the linear function was found, which is in agreement with the findings of Vos and Groenwold (1987) , who point to values of r which are higher than 0.70 as being suitable for field experiments. Under the 40 cm depth (Table 5) , the best correlation was found with RLD obtained at BI, the cubic function showing a high coefficient of determination (R 2 = 0.88). For minirhizotrons installed 37.5 cm from the plant row, for the 0-40 cm layer when L a was regressed with RLD measured at BI (Table 6 ) only a cubic function was significant. Under the 40-cm depth significant correlations were obtained for RLD/L a for BI data and for the average of BI and BII (Table 6 ). For minirhizotrons located at 75 cm high correlations for RLD/L a were obtained only for RLD measured at BI (Table 7 ). When regressing RLD with N ra (data not shown) the same pattern was observed, showing lower coefficients of determination than between RLD and L a .
This investigation demonstrates that when we take into consideration the location of soil coring, although the number of samples was reduced, a higher determ- ination coefficient was always achieved with cubic equations which were significant in all situations (p < 0.01 and p < 0.001) (Tables 5-7) . Although, only the linear regression has a physiological mean, a better fit for the cubic equation can result from the discrepancy between minirhizotron data and root density at bulk soil. Not only the relative pattern of root intensity with depth may differ from that of root length density (Majdi et al., 1992) but also soil cores are obtained at different distances from the plant. In row crops RLD along depth and also with distance from the plant row decreases in a non linear way.
Figures 4-6 show root length density as a function of depth, for the different irrigation treatments and cultivar, for minirhizotrons located at 10, 37.5 and 75 cm from the plant row, respectively. Comparing data estimated from regression functions with the highest level of significance and correlation coefficients and soil core data, patterns of change with increasing depth are quite similar when plotted graphically. Otherwise, rooting depth observed using the two methods shows some discrepancies. Near the plant row (Figure 4 ) soil coring detected some roots 10-20 cm deeper than observations with minirhizotrons. At 37.5 cm from the plant row the opposite occurred and roots were observed at 20-30 cm deeper ( Figure 5 ) with minirhizotrons. At 75 cm from the crop row the pattern (Figure 6 ) is the same for both methods. These differences may result from the low root density and the high variability of root distribution (Tables 2-4) deeper in the soil profile. Using minirhizotrons therefore seems to be a suitable method for studying lateral root distribution.
Conclusions
Results show that better correlations were obtained when root length density from soil cores was regressed with root length intensity than with root number intensity calculated with minirhizotrons.
For locations at 10 and 37.5 cm from the plant row good correlations between minirhizotron readings and root length density only were found when data from upper 0-40 cm and below 40 cm depth were analysed separately. For minirhizotrons installed at 75 cm from the row data from all depths could be analysed together.
The relationship between root length density and root length intensity along the soil profile was strongly influenced by the location of soil coring. Even the mean from data measured at two sampling sites, next to the minirhizotron faces, did not contribute to an increase in the accuracy of the method.
Root length density was correlated with L a trough linear and cubic equations, having the last ones higher determination coefficients. The cubic regression is not the most suitable in a physiological way so further investigations to establish the adequacy of this approach are required. Core sampling at different depths, following the angle of inclination of the tubes in the soil should be tested in the future in order to improve correlations between minirhizotron and soil core data.
